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A method for determining a resonant frequency of an opti 
cally coupled resonator includes modulating an incident light 
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coupled resonator and a method of sensing an applied stimu 
lus are also disclosed. 
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OPTICAL AND ELECTRONIC INTERFACE 
FOR OPTICALLY COUPLED RESONATORS 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

This application claims the bene?t of, and hereby incorpo 
rates by reference in its entirety U.S. Provisional Application 
No. 60/593,119 ?led Dec. 12, 2004, and also incorporates by 
reference in its entirety co-pending U.S. Utility application 
Ser. No. 10/905,036 ?led Dec. 12, 2004, Us. Provisional 
Application No. 60/593,116 ?led Dec. 12, 2004, Us. Provi 
sional Application No. 60/593,117 ?led Dec. 12, 2004, and 
Us. Provisional Application No. 60/593,118 ?led Dec. 12, 
2004. 

FIELD OF THE INVENTION 

This invention relates generally to semiconductor devices, 
and more speci?cally to optically coupled resonators for sen 
sors, ?lters and oscillators. 

BACKGROUND OF THE INVENTION 

Resonant sensors are used in the precision pressure mea 
surement ?eld because of their high stability, high sensitivity 
and loW temperature coe?icients. Resonant sensors can be 
constructed of primarily silicon-based materials using stan 
dard processes of the semiconductor industry including thin 
?lm deposition, etching, doping and lithography. While reso 
nant pressure sensors are generally more complex than 
pieZoresistive pressure sensors, their stability and accuracy 
are less dependent on electronic signal processing circuitry 
than are comparable pieZoresistive sensors and capacitive 
sensors. Currently available resonant sensors have resonators 
comprised of a single material such as quartz, single crystal 
silicon or deposited polysilicon ?lms. Very high precision 
resonators have been made from Well-cut quartz. 

The vibrating micromechanical body or resonator of a 
resonant pressure sensor provides a frequency as output data, 
the frequency depending upon a stress such as pressure that 
modi?es the natural resonant vibrational frequency of the 
resonator. A load applied to the sensor structure strains the 
resonator causing a resonant frequency shift of the resonator. 
The frequency output of the resonator provides a measure of 
the magnitude of the mechanical load applied to the sensor 
structure, and as a result, pressure can be measured as a 
consequence of the frequency shift. Currently available reso 
nant pressure sensors interface With analog and/ or digital 
electronics to measure pressure. 

In a conventional pieZoresistive pressure sensor, deforma 
tions of a silicon diaphragm With applied pressure cause shifts 
in a Wheatstone bridge fabricated from single-crystal 
pieZoresistors in the diaphragm resulting in a voltage output 
indicating the amount of pressure applied to the sensor. The 
output voltage from the Wheatstone bridge requires an ana 
log-to-digital (A/D) conversion to be used in digital systems. 
An example of a surface-micromachined absolute pressure 
sensor has a pres sure diaphragm formed from a deposited thin 
?lm of polysilicon With an integral vacuum cavity reference 
directly under the diaphragm and dielectrically isolated poly 
silicon pieZoresistors, as described in “Sealed cavity semi 
conductor pressure transducers and method of producing the 
same,” U.S. Pat. No. 4,744,863, Guckel et al., issued May 17, 
1 988. 
The Widespread use and continuing trend toWard digital 

information and control systems, together With the need for 
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2 
more accurate and higher-pressure instrumentation, have 
prompted the development of digital pressure transducers 
capable of precision measurements in pressure ranges up to 
about 250 MPa. One exemplary high-precision digital pres 
sure sensor operates on the principle of changing the resonant 
frequency of load-sensitive quartz crystals With pressure 
induced stress. Frequency signals from the quartZ crystals are 
counted and lineariZed through microprocessor-based elec 
tronics to provide tWo-Way communication and control in 
digital formats. The aforementioned quartZ crystal pressure 
transducers have a resolution as good as a feW parts perbillion 
and have been used to determine the performance of high 
precision, primary standard dead-Weight testers. 
One example of a surface-micromachined resonant sensor 

has a resonant strain gage formed from a deposited thin ?lm 
of polysilicon With an integral vacuum cavity surrounding the 
resonator. Several patents providing background to such reso 
nant sensors include “Dielectrically isolated resonant 
microsensors,” U.S. Pat. No. 5,417,115, Burns, issued May 
23, 1995; “Static pressure compensation of resonant inte 
grated microbeam sensors,” U.S. Pat. No. 5,458,000, Burns et 
al., issued Oct. 17, 1995; “Cantilevered microbeam tempera 
ture sensor;” U.S. Pat. No. 5,511,427, Burns, issued Apr. 30, 
1996; “Method for making a thin ?lm resonant microbeam 
absolute;” U.S. Pat. No. 5,747,705 Herb et al., issued May 5, 
1998; and “Thin ?lm resonant microbeam absolute pressure 
sensor,” U.S. Pat. No. 5,808,210 Herb et al., issued Sep. 15, 
1 998. 

Another example of a resonant pressure sensor, Which is 
fabricated from single-crystal silicon, is disclosed in “Semi 
conductor pressure sensor and its manufacturing method,” 
Watanabe et al., U.S. Pat. No. 5,880,509 issued Mar. 9, 1999. 
The sensor comprises a single-crystal silicon substrate, a 
closed air-gap chamber, a measured diaphragm made by epi 
taxial groWth, and a strain detection element incorporated in 
the measuring diaphragm. 

The operation of a resonant pressure sensor requires a 
resonator to be excited into vibrational motion and detection 
of this motion. Forces and moments are applied that bend, 
tWist, elongate or contract the resonator. Various methods for 
excitation and detection of resonant sensors have been pro 
posed including thermal excitation With pieZoresistive detec 
tion; electrostatic excitation With capacitive detection; 
Lorentz force excitation With magnetic ?ux detection; pieZo 
electric excitation With pieZoelectric detection, and optical 
excitation With optical detection. In an exemplary method, 
resonant microbeams are driven and sensed by a single mul 
timode optical ?ber using a strain-sensitive oscillator, as 
described in “Fiber-optic vibration sensor based on frequency 
modulation of light-excited oscillators,” U.S. Pat. No. 6,246, 
638, Zook et al., issued Jun. 12, 2001 .A suggested method for 
driving and sensing a resonant sensor by using modulated and 
unmodulated light from multiple light sources is described in 
“Multi-Wavelength optical drive/sense readout for resonant 
microstructures,” U.S. Pat. No. 5,844,236, Wilson, issued 
Dec. 1, 1998. A photodetector detects the ?ltered re?ected 
light to determine the resonant frequency of the resonator. 

Resonators may be hermetically sealed in an evacuated 
cavity or enclosure to provide separation from the surround 
ing environment, eliminating effects such as air damping of 
the resonator and mass loading on the resonator body. 

Micro-electrical-mechanical systems (MEMS) research 
ers are Working on producing precision resonant pressure 
sensors having increased noise immunity, intrinsic safety, and 
long line-driving capability. It is desirable that a pressure 
sensor can operate in the harsh conditions associated With, for 
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example, turbine engines, high-speed combustors, and other 
aerospace and industrial applications. 

Because of limitations in the use of electrically poWered/ 
electrical output sensors in high-noise environments, haZard 
ous areas, and some medical applications, it is advantageous 
to combine the precision of resonator-based sensors With the 
total optical isolation of ?ber-optic technology. One method 
of optically poWering a resonant loW-pressure sensor is 
described in “Optically poWered resonant integrated micro 
structure pressure sensor,” Youngner, US. Pat. No. 6,710, 
355, issued Mar. 23, 2004. 

In the pressure-sensor industry and other sensor applica 
tion areas, the need exists for precise and stable sensors hav 
ing loW hysteresis, remote access, electromagnetic interfer 
ence (EMI) immunity, and increased safety in harsh, volatile, 
or explosive environments With the elimination of voltage and 
electronic circuitry at the sensor element. Additional features 
that are desirable for resonant sensors include a simpli?ed 
fabrication process, integral vacuum sealing, reduction or 
elimination of stiction and snap-doWn or pull-in problems 
associated With the resonator, accurate positioning of the 
drive and sense electrodes, alignment of the phase betWeen 
the drive frequency and resonator movement over a Wide 
frequency range, high signal-to-noise ratio of the detected 
signal, simpli?cation of the optical interface to the resonator, 
and the opportunity for relatively easy integration of the sen 
sor With more complex fabrication processes such as comple 
mentary metal-oxide-semiconductor (CMOS) and bipolar 
complementary metal-oxide-semiconductor (BiCMOS) pro 
cesses. 

SUMMARY OF THE INVENTION 

One aspect of the invention is a method for determining a 
resonant frequency of an optically coupled resonator. An 
incident light is modulated, a laterally offset photodiode is 
struck With the modulated incident light, and an electric ?eld 
is generated betWeen the laterally offset photodiode and the 
resonator in response to the modulated incident light. The 
resonator is driven With a driving component of the generated 
electric ?eld. A re?ected light from the resonator is sensed, 
and the resonant frequency of the resonator is determined 
based on the re?ected light. 

Another aspect of the invention is a system for determining 
a resonant frequency of an optically coupled resonator. The 
system includes means for modulating an incident light; 
means for striking a laterally offset photodiode With the 
modulated incident light; means for generating an electric 
?eld betWeen the laterally offset photodiode and the resonator 
in response to the modulated incident light; means for driving 
the resonator With a driving component of the generated 
electric ?eld; means for sensing a re?ected light from the 
resonator; and means for determining the resonant frequency 
of the resonator based on the re?ected light. 

Another aspect of the invention is a method of sensing an 
applied stimulus. An optically coupled resonator having a 
laterally offset photodiode is driven With an incident light. 
One or more resonant frequencies of the resonator are sensed 
With a re?ected light from the resonator. The applied stimulus 
is determined based on the sensed resonant frequency. 

Other aspects, features and attendant advantages of the 
present invention Will become more apparent and readily 
appreciated by the detailed description given beloW in con 
junction With the accompanying draWings. The draWings 
should not be taken to limit the invention to the speci?c 
embodiments, but are for explanation and understanding and 
are not necessarily draWn to scale. The detailed description 
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4 
and draWings are merely illustrative of the invention rather 
than limiting, the scope of the invention being de?ned by the 
appended claims and equivalents thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various embodiments of the present invention are illus 
trated by the accompanying ?gures, Wherein: 

FIG. 1 illustrates a system for determining a resonant fre 
quency of an optically coupled resonator, in accordance With 
one embodiment of the current invention; 

FIG. 2 illustrates a method for determining a resonant 
frequency of an optically coupled resonator, in accordance 
With one embodiment of the current invention; 

FIG. 3 is a graph illustrating a method for sensing an 
applied stimulus, in accordance With one embodiment of the 
current invention; 

FIG. 4 illustrates a system for determining a resonant fre 
quency of an optically coupled resonator, in accordance With 
another embodiment of the current invention; 

FIG. 5 illustrates an optical system for coupling to an 
optically coupled resonator, in accordance With another 
embodiment of the current invention; 

FIG. 6a through FIG. 6j illustrate methods of determining 
a resonant frequency of an optically coupled resonator, in 
accordance With other embodiments of the current invention; 

FIG. 7 is a graph illustrating a method of determining 
resonant frequencies of one or more resonators, in accordance 
With one embodiment of the current invention; and 

FIG. 8 is a ?oW diagram of a method for determining a 
resonant frequency of an optically coupled resonator, in 
accordance With another embodiment of the current inven 
tion. 

DETAILED DESCRIPTION OF THE INVENTION 

FIG. 1 illustrates a system for determining a resonant fre 
quency of an optically coupled resonator, in accordance With 
one embodiment of the present invention. For the description 
of this ?gure and the ?gures that folloW, similarly numbered 
objects correspond to similar elements. Optically coupled 
resonator 10 is ?xedly attached to semiconductor substrate 20 
at one or more attachment locations. Resonator 10 includes 
resonator body 12 With one or more resonator sideWalls 14 
and resonator surfaces 16. Laterally offset photodiode 24 may 
be formed in semiconductor substrate 20 adjacent to resona 
tor 10. Photodiode 24 or a laterally offset electrode connected 
thereto is positioned laterally off to a side of one or more 
sideWalls 14 of resonator body 12, and is in a different plane 
than resonator body 12. Incident light 80 is directed at reso 
nator 10 via optical ?ber 116, such as a single mode or 
multi-mode glass or plastic optical ?ber. Optical elements 
such as a lens (not shoWn) may be included to aid in directing 
light betWeen optical ?ber 116 and resonator 10. Incident 
light 80 is modulated and directed to strike laterally offset 
photodiode 24 and to generate electric ?eld 26 betWeen lat 
erally offset photodiode 24 and resonator 10. With laterally 
offset photodiode 24, resonator 10 is driven With driving 
component 28 of generated electric ?eld 26. With an appro 
priately siZed and positioned laterally offset photodiode 24, 
driving component 28 of generated electric ?eld 26 dimin 
ishes When resonator 10 is displaced. 
One aspect of laterally offset photodiode 24 is that driving 

component 28 of generated electric ?eld 26 can diminish 
When resonator body 12 is displaced toWards semiconductor 
substrate 20. A desirable attribute is that generated electric 
?eld 26 betWeen laterally offset photodiode 24 and resonator 
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body 12 diminishes When resonator body 12 is displaced, 
thereby preventing electrostatic pull-in, an unstable position 
Whereby a portion of resonator body 12 is electrostatically 
attracted to and may become stuck against semiconductor 
substrate 20. Electrostatic pull-in, also referred to as snap 
doWn or snap-in, may be avoided With su?icient lateral space 
betWeen sideWall 14 of resonator 10 and laterally offset pho 
todiode 24. With laterally offset photodiode 24 or a laterally 
offset electrode attached thereto, larger gaps betWeen resona 
tor body 12 and semiconductor substrate 20 are attainable to 
reduce the possibility of stiction during fabrication. Another 
desirable attribute is that laterally offset photodiode 24 can 
generate driving component 28 of electric ?eld 26 substan 
tially in phase With a vibrating velocity of resonator body 12 
With appropriate modulation of incident light 80, alloWing 
operation over a Wide range of frequencies Without undue 
correction for phase shifts. 

Re?ected light 82 from one or more resonator surfaces 16 
is collected by optical ?ber 116 and used to determine one or 
more resonant frequencies of resonator 10. One or more 
resonant frequencies of one or more resonators may be ana 
lyZed to determine a value of an applied stimulus. Incident 
light 80 that is re?ected from resonator 10 may be modulated 
by displacements of the resonator via optical phenomena 
such as light interference betWeen the resonator body, shell 
and substrate, light diffraction, variations in re?ectivity, and 
re?ectance angle variations at points along resonatorbody 12. 

Resonator 10a and other resonators on or in substrate 20 
may have one of various geometries such as a rectangular 
geometry, a circular geometry, a ring geometry, an x-shaped 
geometry or other geometries including singly and doubly 
supported designs, layered resonators, tuning forks, balanced 
con?gurations, and other geometries. Resonator 10 and other 
resonators on sensor die 100 may be formed from, for 
example a material such as amorphous silicon, polycrystal 
line silicon also knoWn as polysilicon, epi-poly, epitaxial 
silicon, single-crystal silicon, silicon-germanium, silicon car 
bide, diamond, or a combination thereof that is deposited or 
otherWise formed on semiconductor substrate 20 or on a 

sacri?cial layer formed thereon. For example, patterning and 
etching techniques in combination With the use of selectively 
removed sacri?cial layers may be used to form resonator 10 
and to seal resonator 10 With optional resonator shell 64. 
Resonator shell 64 may be included around resonator body 12 
and laterally offset photodiode 24 to alloW resonator 10 to 
vibrate freely With minimal viscous damping forces Within 
resonator cavity 62 betWeen resonator shell 64 and resonator 
body 12. Resonator shell 64 may be sealed and may contain a 
vacuum. Resonator body 12 may be ?xedly attached to semi 
conductor substrate 20 at one attachment location, such as at 
a supported end of a cantilevered beam or at the center of a 
ring or disk resonator. Alternatively, resonator 10 may be 
?xedly attached to semiconductor substrate 20 at opposite 
ends of resonator body 12 as in a clamped-clamped beam 
such that mechanical strain applied to the opposite ends 
causes a shift in one or more resonant frequencies of resonator 

10. 
Sensor die 100 may be formed from a portion of semicon 

ductor substrate 20, such as an n-type or p-type single-crystal 
silicon Wafer, a silicon-on-insulator Wafer, a double-SOI 
Wafer, or other suitable substrate. Substrate 20, although pres 
ently preferred to comprise silicon, may comprise other mate 
rials such as silicon carbide, quartz, Pyrex®, glass, metal, 
ceramic, plastic, an insulative material, a semiconductor 
material, a conductive material, or a combination thereof. 

Multiple resonators 10 may be included on semiconductor 
substrate 20. For example, resonator 10a is centered on sensor 
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6 
die 100. Stimulus such as axial strain applied to ends of 
resonator 10 causes a frequency shift in one or more resonator 

frequencies of resonator 10. For example, the applied stimu 
lus may be determined based on the resonant shifts of one or 
more resonant frequencies of resonator 10a. Additional reso 
nators 10b and 100 attached to semiconductor substrate 20 
may also be optically coupled to optical ?ber 116. Altema 
tively, one or more additional resonators 10b and 100 attached 
to semiconductor substrate 20 may be mechanically coupled 
to optically coupled resonator 1011 via vibrations of semicon 
ductor substrate 20, such that optical excitation and interro 
gation of resonator 1011 reveals one or more resonant frequen 
cies of additional resonators 10b and 100. For example, 
second resonator 10b is ?xedly attached to semiconductor 
substrate 20 at tWo attachment locations. Stimulus such as 
axial strain applied to ends of resonator 10b causes shifts in 
one or more resonant frequencies of resonator 10b, Which 
may be in a direction opposite that of resonant frequency 
shifts of resonator 10a. Resonator 100 may be ?xedly 
attached at a single attachment location to semiconductor 
substrate 20. A shift in temperature of semiconductor sub 
strate 20 causes resonant frequency shifts in one or more 
resonant frequencies of resonator 100 to alloW temperature 
compensation for measurements of the applied stimulus and 
optionally a measure of temperature. Incident light 80 may be 
modulated to determine one or more resonant frequencies of 
resonators 10b and 100 that are mechanically coupled to 
optically coupled resonator 1011 or optically coupled to opti 
cal ?ber 116. 

Resonator shell 64 may be included around resonator body 
12 of resonator 10 and laterally offset photodiode 24 to alloW 
vibrations of resonator 10 Within resonator cavity 62 betWeen 
resonator shell 64 and resonator body 12. Resonator shell 64 
is at least partially transmissive to incident light 80 and 
re?ected light 82 to alloW optical drive and sense. Additional 
mechanical features such as a deformable diaphragm for a 
pressure sensor or ?exures for an accelerometer or rotation 

sensor may be included With sensor die 100, and resonators 
10 With or Without resonator shells appropriately placed 
thereon. 

Resonator body 12 may be formed from, for example, a 
material such as amorphous silicon, polycrystalline silicon, 
epi-poly, epitaxial silicon, single-crystal silicon, silicon-ger 
manium, silicon carbide, diamond, or a combination thereof 
that is deposited or otherWise formed on semiconductor sub 
strate 20 or on a sacri?cial layer formed thereon. Resonator 
shell 64 may be formed from a material such as amorphous 
silicon, polycrystalline silicon, epi-poly, epitaxial silicon, 
single-crystal silicon, silicon-germanium, silicon carbide, 
diamond, a transparent or semitransparent material such as 
silicon nitride, aluminum nitride, silicon carbide, diamond 
and the like or a combination thereof. 

In this and other ?gures, substrate 20 has been illustrated as 
an n-type semiconductor With a p-type implanted region to 
form photodiode 24. Alternatively, substrate 20 may be a 
p-type semiconductor With an n-type implanted region. Other 
methods to form photodiode 24 adjacent to resonator body 12 
may be used, as is knoWn to those skilled in the art. Photo 
diode 24, illustrated here as formed in semiconductor sub 
strate 20, may alternatively be positioned underneath, to the 
side, on an upper surface or a sideWall of resonator body 12, 
or above resonator body 12 such as in resonator shell 64. In 
another embodiment, photodiode 24 is positioned farther 
aWay from resonator body 12 and electrically connected to a 
laterally offset electrode that is adjacent to resonator body 12. 
In another embodiment, a plurality of photodiodes 24 is posi 
tioned adjacent to selected portions of resonator body 12 to 
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allow preferential excitation of higher order resonant modes. 
In other embodiments, photovoltage or photocurrent gener 
ated by photodiode 24 With vibrations of resonator body 12 
provide input signals for on-board or off-chip electronic cir 
cuitry. 

Although incident light 80 and re?ected light 82 are shoWn 
as perpendicular to semiconductor substrate 20, it Will be 
appreciated that other design variations exist, such as the use 
of angled incident and angled re?ected light, or the use of 
light impinging from beloW through a suitably transmissive 
substrate. Although shoWn With a single optical ?ber 116 for 
driving and detecting resonant frequencies of resonator 10, 
tWo or more optical ?bers in a bundle or at various angles With 
respect to resonator 10 may be used. Incident light 80 may be 
comprised of a single Wavelength of light or of multiple 
Wavelengths of light, and may cover a narroW or broad range 
of Wavelengths. In one example, incident light 80 of a single 
Wavelength is partially re?ected from a surface of resonator 
body 12. In another example, incident light 80 comprises tWo 
Wavelengths from tWo light sources, one of Which is used to 
generate the photovoltage While the other is used to determine 
vibrations or displacements of resonator body 12. In an alter 
native con?guration, vibrations or displacements of resonator 
body 12 are detected With a second laterally offset photo 
diode, and the resulting electrical signal is processed by on 
chip or off-chip electronics. In another alternative con?gura 
tion, laterally offset photodiode 24 is con?gured in a self 
resonant mode Wherein lateral or ?exural displacements of 
resonator body 12 diminish the intensity of incident light 80 
striking the photodiode, Which in turn reduce driving force 28 
and alloW resonator 10 to return toWards an equilibrium posi 
tion. The driving cycle is then repeated. 

Although a resonator attached to the substrate at one or 
both ends is implied by the illustrations, resonator designs 
such as cantilevered resonators, doubly supported resonators, 
cross resonators, butter?y resonators, crisscross resonators, 
single-ended and double-ended tuning fork resonators, 
single-ended and double-ended trident resonators, lobed 
resonators, circular resonators, oval resonators, ring resona 
tors, beam resonators, balanced resonators, thin-beam reso 
nators, cantilevered resonators With enlarged ends, tandem 
resonators, tandem resonators With enlarged ends, high-Q 
resonators, disk resonators, comb resonators, ?exural resona 
tors, torsional resonators, combination ?exural/torsional 
resonators, lateral resonators, substrate resonators, bulk 
mode resonators, surface-mode resonators, higher-mode 
resonators, resonators With one or more centered or offset 

holes, open-air resonators Without a lid or shell, multiple 
resonators, resonator arrays, or combinations thereof may be 
incorporated. Open-air resonators Without a lid or shell may 
have specialiZed coatings for attracting speci?c target chemi 
cal and biological species that can be detected via changes in 
resonator frequencies and properties. 

The laterally offset photodiode, although shoWn in close 
proximity to the resonator body, may be positioned farther 
aWay from the resonator and be electrically connected to a 
laterally offset electrode that is proximate to the resonator 
body. In one example, the photodiode is positioned in the 
resonator shell. 

In other embodiments, the resonator shell is omitted from 
the resonator. The resonator body may be exposed to atmo 
spheric conditions, or may be placed in a suitable package 
that is evacuated or ?lled With a controlled gas. 

In other embodiments, a thermally absorptive feature or 
material (not shoWn) is selectively formed or placed on or 
near the resonator body to alloW photothermal excitation of 
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8 
the resonator. Alternatively, light may be focused on a portion 
of the resonator body to incite vibrations. 
The resonators and frequency-determination methods 

described can be adapted to electrically coupled resonant 
devices, foregoing the need for optical connectivity. On-chip 
integrated circuitry or bondWire connections to external cir 
cuitry can be provided for generating and processing the 
output from the resonator. 

FIG. 2 illustrates a method for determining a resonant 
frequency of an optically coupled resonator, in accordance 
With one embodiment of the present invention. Optically 
coupled resonator 10 is driven When laterally offset photo 
diode 24 is struck With pulsed or otherWise modulated inci 
dent light such as a sine Wave, a half-sine Wave, a square 
Wave, or a series of short pulses at the resonant frequency of 
resonator 10 or a multiple or submultiple thereof. Altema 
tively, the resonator may be excited by scanning through one 
or more resonant frequencies, subharmonics or multiples 
thereof With one of a variety of modulation Waveforms. A 
Weighted average of frequency With signal amplitude for 
multiple measurements around a peak or other averaging or 
curve ?tting techniques can be used to determine peak loca 
tion. In another alternative, a sharp pulse of light is applied to 
excite the resonator, then the resonator vibrations are detected 
as the oscillations subside. In another alternative, relatively 
short bursts of light With a predetermined Waveform having 
frequency content to excite one or more modes of one or more 

resonators can be applied, folloWed by a ring-doWn period in 
Which the resonant frequencies can be determined. 

Electric ?eld 26 is generated betWeen laterally offset pho 
todiode 24 and a portion of resonator 10, such as a loWer 
surface or a resonator sidewall, in response to incident light. 
Resonator 10 is driven With driving component 28 of electric 
?eld 26. Based in part on the lateral space betWeen laterally 
offset photodiode 24 and resonator body 12, driving compo 
nent 28 of electric ?eld 26 diminishes When resonator 10 is 
displaced. FIG. 2a illustrates unde?ected resonator 10 in a 
resting or equilibrium position. Incident light is applied and 
driving component 28a of electric ?eld 2611 provides a force 
to pull resonator 10 toWard semiconductor substrate 20. As 
resonator 10 is displaced toWards semiconductor substrate 
20, electric ?eld 26b increases While driving component 28b 
decreases, as illustrated in FIG. 2b. As resonator 10 is further 
displaced toWards semiconductor substrate 20, electric ?eld 
260 further increases While driving component 280 further 
decreases, as illustrated in FIG. 20. 

Mechanical restoring forces pull resonator 10 back 
toWards the equilibrium position When incident light is 
removed. Timed injections of incident light may be used to 
stimulate and excite resonator 10 into one or more resonant 

modes, Whose resonant frequencies can be determined, for 
example, With re?ected light from one or more resonator 
surfaces. Mechanical strain may be applied to opposite ends 
of resonator 10 to shift one or more resonant frequencies of 
resonator 10. The shift in resonant frequency is measured to 
determine the applied mechanical strain. 

Various con?gurations and types of sources of incident 
light, sources of re?ected light, and ?ltering may be used to 
drive and sense resonator 10. 

FIG. 3 is a graph illustrating a method for sensing an 
applied stimulus, in accordance With one embodiment of the 
present invention. Response curve 128 shoWs exemplary 
ratios of re?ected light I, to incident light II. as the incident 
light is intensity modulated over a frequency range extending 
from fml-n to fmax. As the incident light is scanned through 
resonant frequency 130 of an optically coupled resonator, 
vibrations of the resonator are excited and can build up to 
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large amplitudes of de?ection. As the resonator is periodi 
cally displaced, the intensity of the re?ected light I, varies 
accordingly. When an external stimulus such as mechanical 
strain is applied to opposite ends of the resonator, resonant 
frequency 130 of the resonator shifts up or doWn based on the 
applied strain being tensile or compressive. Shifted response 
curve 128' shoWs shifted resonant frequency 130' With reso 
nant frequency shift 132 that may be used to determine the 
value of the external stimulus. Since the resonator may have 
multiple resonant frequencies, scanning through one or more 
resonant frequencies reveals each frequency in turn. One or 
more resonant frequencies 130 of the resonator may be 
sensed With re?ected light from the resonator. One or more 
resonant frequencies 130 and shifted resonant frequencies 
130' or frequency shifts 132 may be analyZed to determine a 
value of the applied stimulus. 

Various methods may be employed to determine one or 
more resonant frequencies 130 of the resonator. In a ?rst 
example, a measurement of re?ected light at a ?rst modula 
tion frequency may be compared to a measurement of 
re?ected light at a second modulation frequency to determine 
resonant frequency 130 of the resonator. The ?rst modulation 
frequency is at or near resonant frequency 130 of the resona 
tor and the second modulation frequency is aWay from reso 
nant frequency 130 of the resonator. 

In a second example, modulated incident light is scanned 
through a predetermined range of frequencies including at 
least one resonant frequency 130 of the resonator. One or 
more resonant frequencies 130 may be determined by 
numerically ?tting sensed re?ected light With corresponding 
frequencies using, for example, a suitable model for deter 
mining the frequency corresponding to one or more peaks of 
the response curve. The incident light may be scanned, for 
example, over a small frequency range about one or more 
previously detected resonant frequencies. 

In a third example, incident light is modulated at or near 
previously determined resonant frequency 130 of the resona 
tor to track resonant frequency 130. The scan frequency may 
be varied in small amounts around the previously determined 
resonant frequency to aid in rapid location of shifted resonant 
frequency 130' and to ensure accurate determination of each 
frequency peak. 

In a fourth example, a phase of the incident light is com 
pared to a phase of the re?ected light to determine resonant 
frequency 130 of the resonator. A lag in phase or a lead in 
phase indicates movement of resonant frequency 130. Modu 
lation of incident light may be adjusted to track and lock into 
the shifted frequency. The modulation of the incident light 
may be open loop or closed loop. 

FIG. 4 illustrates a system for determining a resonant fre 
quency of an optically coupled resonator, in accordance With 
another embodiment of the present invention. Electro-opto 
electronic module 150 generates incident light and detects 
re?ected light from one or more optically coupled resonators 
10 via optical ?ber 116. Optical elements such as a lens (not 
shoWn) may be included to aid in directing light betWeen 
optical ?ber 116 and resonator 10. One or more light sources 
152 such as light-emitting diodes, laser diodes, or other suit 
able light sources provide light to drive and sense vibrations 
of resonator 10. Source optics 154 such as ?lters, lenses, 
couplers, combiners or optical modulators may be included 
betWeen light sources 152 and resonator 10. Incident light is 
modulated, for example, by varying the supply voltage to 
light source 152 or by controlling the amount of light passing 
through an optical modulator Within source optics 154. 
Re?ected light is detected With one or more light detectors 
158 such as a photodiode, a photodetector, or an optical 
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detector array. Detector optics 156 such as ?lters, lenses, 
couplers or splitters may be positioned betWeen resonator 10 
and light detectors 158. 

TWo-by-tWo coupler 160 alloWs incident light from light 
source 152 to be directed through optical ?ber 162 and optical 
?ber 116 onto resonator 10. Optional ?ber connector 166 
such as an SMA connector alloWs optical ?ber 116 to be 
modularly disconnected from module 150. Re?ected light 
from resonator 10 returns through optical ?ber 116 and opti 
cal ?ber 162, through tWo-by-tWo coupler 160, through 
detector optics 156 and onto light detectors 158. In one 
example, optical ?ber 164 of optical coupler 160 is termi 
nated. In another example, optical ?ber 164, Which contains a 
sample of incident light from one or more light sources 152, 
is looped and coupled to one or more light detectors 158 to 
alloW an intensity and/ or phase comparison betWeen incident 
light and re?ected light from resonator 1 0 . A three-by-three or 
larger coupler may be used in a similar manner as tWo -by-tWo 
coupler 160 to alloW coupling and detection of multiple light 
sources for driving and detection of resonator 10. Although 
illustrated With a single ?ber 116 coupled to resonator 10, tWo 
or more optical ?bers may be coupled to one or more reso 
nators 10. 

Electronic module 170 includes controller 172 and 
memory 174. Controller 172 executes computer program 
ming code and provides light control signals to turn on and off 
or otherWise modulate light sources 152. Conditioned elec 
tronic signals from light detector 158 are provided to control 
ler 172 to alloW determination of one or more resonant fre 
quencies of resonator 10 and to alloW analysis thereof, such as 
determining a value of an applied stimulus. Incident light may 
be modulated to determine one or more resonant frequencies 
of additional optically coupled resonators 10 or of additional 
resonators 10 that are mechanically coupled to resonator 10. 
Output data 178 such as raW light signal levels or fully ana 
lyZed and formatted output data are communicated externally 
through unidirectional or bi-directional port 176 such as a 
USB port, a Wired connection, or a Wireless connection. 

Additional circuitry may be included, for example, to 
amplify or otherWise condition signals Within the system. For 
example, a phase lock loop or lock-in ampli?er may be used 
to track a resonant frequency of a resonator and changes 
thereto. A digital frequency synthesiZer or a frequency gen 
eration circuit may be inserted betWeen controller 172 and 
light sources 152. Varying numbers and combinations of the 
electronic, optical, and opto-electronic modules or devices 
that have been described may be combined With resonator 10 
on a substrate. Wireless transmitters and receivers may be 
incorporated in electronic module 170 to generate and receive 
data remotely such as over a Wireless sensor netWork. 

FIG. 5 illustrates an optical system for coupling to an 
optically coupled resonator, in accordance With another 
embodiment of the present invention. Electro-opto-electronic 
module 150 generates incident light and detects re?ected 
light from one or more optically coupled resonators via opti 
cal ?ber 116. Light sources 152a and 1521) provide light to 
drive and sense vibrations of the resonator. Source optics 
154a and 154!) comprising relatively short segments of opti 
cal ?ber With beveled and mirrored ends direct light from 
light sources 152a and 152!) towards the resonator. The inci 
dent light from one or both light sources may be modulated. 
Re?ected light is detected With light detectors 158a and 15819. 
Detector optics 156a and 1561) also comprising segments of 
optical ?ber With beveled ends extract re?ected light from the 
resonator. Open cavities Within optical coupler 160 may be 
?lled, for example, With an indexed-matched gel to guide the 
incident and re?ected light. 
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FIG. 6a through FIG. 6j illustrate methods of determining 
a resonant frequency of an optically coupled resonator, in 
accordance With other embodiments of the present invention. 
The shape of the intensity curves for the incident and re?ected 
light sources of the incident and re?ected light is illustrative 
and may depart signi?cantly from the bell-shaped curves 
shoWn. The descriptions of the exemplary intensity curves 
reference resonator 10, as presented With FIG. 1. Intensity 
curves of incident light II. and re?ected light I, are plotted With 
respect to the inverse of the Wavelength 7». 

In a ?rst example, incident light 8011 is modulated over a 
narroW band as in FIG. 6a. Incident light 80a over a narroW 
band is provided, for example, from a ?ltered light bulb or 
other incandescent source, a ?ltered light-emitting diode, or 
an un?ltered diode laser. Re?ected light 82a is sensed over a 
broad band that includes the narroW band of modulated inci 
dent light 8011. The result is that a ?rst light source provides 
modulated incident light 8011 to drive resonator 10, and a 
second light source provides unmodulated light over a broad 
band such as from a light bulb or other incandescent source, or 
an un?ltered light-emitting diode that is directed to and sub 
sequently re?ected from a surface of resonator 10 to detect 
vibrations of resonator 10. Alternatively, a single light source 
in combination With one or more optical elements such as a 
?lter may provide light for driving and detecting resonator 10. 

In a second example, incident light 80b is modulated over 
a narroW band, and re?ected light 82b is sensed over a broad 
band that excludes the narroW band of modulated incident 
light 80b, as in FIG. 6b. A ?rst light source provides modu 
lated incident light 80b over a narroW band and a second light 
source provides unmodulated light over a broad band that is 
higher or loWer in Wavelength than incident light 80b. Alter 
natively, a single light source may be used to supply incident 
light 80b and re?ected light 82b With appropriate ?ltering of 
incident light 80b and re?ected light 82b. 

In a third example, incident light 800 over a broad band is 
modulated, as in FIG. 60. Incident light 800 over a broad band 
is provided, for example, from a light bulb or other incandes 
cent source, or an un?ltered light-emitting diode. Re?ected 
light 820 over a narroW band, Which is included Within the 
broad band of modulated incident light 800, is sensed. In this 
example, a single light source may be used to supply incident 
light 800 and re?ected light 820 With appropriate ?ltering of 
re?ected light 820. Alternatively, tWo light sources may be 
used, the second being a source of narroW-band light such as 
from a ?ltered light bulb or other incandescent source, a 
?ltered light-emitting diode, or an un?ltered diode laser. 

In a fourth example, incident light 80d is modulated over a 
broad band, and re?ected light 82d is sensed over a narroW 
band not included Within the broad band of modulated inci 
dent light 80d, as in FIG. 6d. A ?rst light source provides 
incident light 80d, and a second light source provides 
re?ected light 82d. Alternatively, a single light source may be 
used to supply incident light 80d and re?ected light 82d With 
appropriate ?ltering of incident light 80d and re?ected light 
82d. 

In a ?fth example, incident light 80e is modulated over a 
?rst narroW band. Re?ected light 82e is sensed over a second 
narroW band that is different from the ?rst narroW band, as in 
FIG. 6e. Different light sources may be used to provide inci 
dent light 80e and re?ected light 82e. Alternatively, a single 
source of broad-band light may be ?ltered to provide incident 
light 80e and re?ected light 82e, Where incident light 80e is 
modulated and re?ected light 82e is unmodulated prior to 
being re?ected off a surface of resonator 10. 

In a sixth example, incident light 80f of a ?rst Wavelength 
is modulated, and re?ected light 82f of a second Wavelength 
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different from the ?rst Wavelength is sensed, as in FIG. 6]. 
Incident light 80f may be provided, for example, from a 
highly ?ltered light bulb or incandescent light source, a 
highly ?ltered light-emitting diode, or a ?ltered diode laser. 
Re?ected light 82f may be provided, for example, from a 
highly ?ltered light bulb or incandescent light source, a 
highly ?ltered light-emitting diode, or a ?ltered diode laser. 
One or tWo light sources may be used to provide incident light 
80f and re?ected light 82]. 

In a seventh example, incident light 80g of a ?rst Wave 
length is modulated, as in FIG. 6g. Re?ected light 82g of a 
second Wavelength that is substantially the same as the ?rst 
Wavelength is sensed, such as from the same light source as 
incident light 80g. 

In an eighth example, incident light 80h is modulated over 
a ?rst narroW band, and re?ected light 82h over a second 
narroW band that is substantially the same as the ?rst narroW 
band is sensed, as in FIG. 6h. One or tWo light sources may be 
used to provide incident light 80h and re?ected light 82h. 

In a ninth example, incident light 801' over a ?rst broadband 
is modulated, as in FIG. 61'. Re?ected light 821' over a second 
broad band that is substantially the same as the ?rst broad 
band is sensed. One or tWo light sources may be used to 
provide incident light 801' and re?ected light 821'. 

In a tenth example, incident light 80j over a broad band 
excluding a stop band Within the broad band is modulated, as 
in FIG. 6j. Re?ected light 82j Within the stop band is sensed 
to detect vibrations of resonator 10. Re?ected light 82j is 
unmodulated prior to re?ecting from resonator 10. Using 
suitable ?ltering and an optical modulator, a single light 
source may be used to supply incident light 80j and re?ected 
light 82j. 

Combinations of one or more drive and sense methods may 
be used. For example, modulation of a broad band of Wave 
lengths may be used initially to locate resonances of a reso 
nator, folloWed by modulation over a narroW band or at a 
single Wavelength that is used to increase signal detection 
capability. 

Alternative optical schemes may be employed to excite and 
sense resonant frequencies While reducing the effect of inad 
vertent re?ections and capacitive coupling to improve reso 
nant-frequency detection. For example, a light source for 
detecting resonator vibrations may be frequency-modulated 
or pulsed at a frequency much higher than any resonant fre 
quency of interest, then ?ltered using passive, active or digital 
?ltering to detect the resonant frequencies. 

Electronic methods may be employed to excite one or more 
resonant frequencies of the resonator While detecting reso 
nances With high signal-to-noise ratios. In one example, a 
light source may be scanned through or modulated at an 
integral multiple of the resonant frequency of the resonator, 
and electronic ?ltering may be used to ?lter out the higher 
frequency components and to detect the resonator resonant 
frequency. In another example, incident light is pulsed at a 
resonant frequency of the resonator or a multiple thereof, then 
reduced in intensity to a constant, loW-level value that alloWs 
resonator vibrations to be detected. In another example, the 
resonator is excited into a resonant mode With modulation of 
the incident light, and then the resonant mode decays or rings 
doWn While a constant, loW intensity light source alloWs the 
resonant frequency of the resonator to be detected With mini 
mal effects of frequency pulling. In another example, a large 
pulse or many frequencies across a Wide band region that 
includes one or more resonant frequencies, is applied to one 
or more resonators, and then the resonators are alloWed to ring 
doWn While the resonant frequencies are detected With, for 
example, loW-level light of constant intensity. In another 
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example, one or more resonators that are driven mechanically 
into resonance With, for example, a piezoelectric driver, and 
optical methods are used to determine the resonant frequen 
cies. In yet another example, one or more resonators are 
driven electrically With voltage applied to a laterally offset 
electrode, and the resonator frequencies are detected opti 
cally. In another example, one or more resonators are driven 
optically While resonators are detected, for example, With 
capacitive, pieZoresistive, magnetic, or pieZoelectric detec 
tion schemes. 

FIG. 7 is a graph illustrating a method of determining 
resonant frequencies of one or more resonators, in accordance 
With one embodiment of the present invention. Response 
curve 126 shoWs exemplary ratios of re?ected light I, to 
incident light II- as the incident light is intensity-modulated 
over a frequency range extending from fmin to fmax that spans 
resonant frequencies 130a, 1301) and 1300 of three resonators 
10a, 10b and 100, respectively. Incident light may be modu 
lated to determine one or more resonant frequencies 13 0b and 
1300 of optically or mechanically coupled resonators 10b and 
100. 
As incident light is scanned through resonant frequencies 

130a, 1301) and 1300 of resonators 10a, 10b and 100, vibra 
tions of each resonator 10a, 10b and 100 are excited in turn. 
Resonant frequencies 130a, 1301) and 1300 of resonators 10a, 
10b and 100 are sensed With re?ected light from one or more 
surfaces of resonators 10a, 10b and 100. As resonators 10 are 
periodically displaced, the intensity of the re?ected light I, 
varies accordingly. When an external stimulus such as 
mechanical strain is applied to opposite ends of resonator 10, 
resonant frequencies 130a, 1301) and 1300 of resonators 10a, 
10b and 100 shift up or doWn based on the applied strain being 
tensile or compressive. Shifted response curve 126' shoWs 
shifted resonant frequencies 130a‘, 1301)‘ and 1300' With reso 
nant frequency shifts, from Which the external stimulus may 
be deduced. Each resonator 10a, 10b and 100 have multiple 
resonant frequencies 130, and scanning may reveal each fre 
quency in turn. Determined resonant frequencies 130a, 1301) 
and 1300 may be analyZed to determine a value of the applied 
stimulus. The applied stimulus is then determined based on 
one or more sensed resonant frequencies 130a, 1301) and 
1300. 

Various methods may be employed to determine resonant 
frequency 130 of resonator 10, as described With respect to 
FIG. 3. 

FIG. 8 is a ?oW diagram of a method for determining a 
resonant frequency of an optically coupled resonator, in 
accordance With another embodiment of the present inven 
tion. 

Incident light is modulated, as seen at block 200. Incident 
light from a light source, such as a light bulb or other incan 
descent source, an un?ltered light-emitting diode, a ?ltered 
light bulb or other incandescent source, a ?ltered light-emit 
ting diode, an un?ltered diode laser, a highly ?ltered light 
bulb or incandescent light source, a highly ?ltered light 
emitting diode, or a ?ltered diode laser, is pulsed or otherWise 
modulated. The pulses or modulations are created by varying, 
for example, the output light intensity or duration from the 
light source or by modulating light from the light source With 
an optical modulator placed in the light path of the incident 
light. The modulated incident light may include a broad band, 
a narroW band, or a single Wavelength of li ght. A portion or the 
entire incident light from the light source may be modulated. 
For example, light from a single light source may be extracted 
into tWo separate light paths, Where one path is modulated to 
provide incident light and the other path is unmodulated to 
provide re?ected light. Filters such as band-stop ?lters may 
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14 
be included in the incident-light path to block incident light 
Within the stop band, alloWing the same or a second light 
source to provide re?ected light. The incident light may be 
modulated at or near one or more resonant frequencies of the 

resonator. The incident light may be scanned, for example, 
through a predetermined range or through a set of one or more 
previously detected frequencies. The incident light may be 
modulated, for example, to determine one or more resonant 
frequencies of one or more optically coupled resonators or to 
one or more resonators mechanically coupled to one or more 

optically coupled resonators. 
In a self-resonant mode, lateral displacements of the reso 

nator body diminish the intensity of incident light striking the 
photodiode, Which in turn reduce the driving force and alloW 
the resonator to return toWards an equilibrium position. The 
driving cycle is then repeated, alloWing incident of constant 
intensity to excite the resonator into self-resonance. 

A laterally offset photodiode is struck With the incident 
light, as seen at block 202. When the laterally offset photo 
diode is struck With the incident light, an electric ?eld is 
generated and the resonator is driven. The electric ?eld is 
generated betWeen the laterally offset photodiode and the 
resonator in response to the modulated incident light. The 
resonator is driven With a driving component of the generated 
electric ?eld. Depending on the degree of offset and the 
position of the laterally offset photodiode, the driving com 
ponent of the generated electric ?eld may diminish as reso 
nator is displaced from an equilibrium or static position. 

Re?ected light from the resonator is sensed, as seen at 
block 204. Re?ected light from the resonator is sensed With a 
suitable photodetector or optical detector array. In one 
example, light re?ected from a resonator surface of the reso 
nator is sensed over a broad band that may or may not include 
the modulated incident light. In another example, the 
re?ected light is sensed over a narroW band that may or may 
not include the modulated incident light. In another example, 
the re?ected light is sensed at a predetermined Wavelength 
that may be the same as or different from the modulated 
incident light. In some cases, the re?ected light is unmodu 
lated prior to re?ecting from the resonator. In other cases, the 
re?ected light is modulated prior to re?ecting from the reso 
nator, and serves simultaneously to drive the resonator as Well 
as to sense the resonator. 

A resonant frequency of the resonator is determined, as 
seen at block 206. The resonant frequency of the resonator is 
determined based on re?ected light from the resonator. 
Re?ected light from a resonator surface of the resonator is 
measured to determine one or more resonant frequencies of 
the resonator or another resonator coupled thereto. In one 
example, a measurement of the re?ected light at a ?rst modu 
lation frequency at or near the resonant frequency is com 
pared to a measurement of the re?ected light at a second 
modulation frequency aWay from the resonant frequency to 
determine the resonant frequency of the resonator. In another 
example, modulated incident light is scanned through a pre 
determined range of frequencies including one or more reso 
nant frequencies of the resonator. The resonant frequency of 
the resonator may be determined, for example, by numeri 
cally ?tting sensed re?ected light from the resonator to an 
analytic model of a resonant peak, by determining the fre 
quency at Which the peak amplitude of the re?ected light 
occurs, by locking in the frequency of the incident light to the 
resonant frequency of the resonator, by modulating the inci 
dent light at or near a previously determined resonant fre 
quency to track the resonant frequency, by comparing a phase 
of the re?ected light to a phase of the incident light, or by 
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using another suitable method to determine the resonant fre 
quency of the resonator and other resonators optically or 
mechanical coupled thereto. 

The determined resonant frequencies are analyzed, as seen 
at block 208. The resonant frequencies of one or more reso 
nators may be analyZed to determine a value of an applied 
stimulus. Applied pressure, acceleration, temperature, rota 
tion, or other applied stimulus of a resonator may be deter 
mined by using analytical techniques such as mathematical 
modeling or other signal processing techniques such as a 
look-up table. For example, resonant frequencies of one or 
more resonators on a deformable diaphragm are detected. As 

pressure is applied to the deformable diaphragm, one or more 
resonant frequencies shift With the applied pressure. By 
detecting the shifted resonant frequencies, the pres sure can be 
determined. Resonant frequencies of other resonators can be 
similarly detected to increase the accuracy and resolution of 
the pressure measurements, and to provide multivariable out 
put such as differential pressure, temperature, and static pres 
sure. Resonators With or Without a vacuum-sealed resonator 

shell may be used in other devices such as a strain sensor, a 

pressure sensor, an accelerometer, an angular rate sensor, a 
temperature sensor, a chemical sensor, a biological sensor, an 
explosives detector, a radiation detector, a radio-frequency 
?lter, a voltage-controlled oscillator, a mechanical oscillator, 
or a resonant device. The substrate may be shaped or other 
Wise sculpted, for example, to incur axial strain on the reso 
nator With application of a stimulus such as applied pressure 
or acceleration. For example, the detected resonant frequen 
cies can be analyZed to determine an applied stimulus such as 
mechanical strain that is exerted on the resonator by a suitable 
microstructure such as a pressure-sensing diaphragm, a ?ex 
ure of an accelerometer, or a bending of the substrate attached 
thereto. 

Further processing of the analyZed frequencies and collec 
tion of data can be directed by or displayed With the help of a 
graphical user interface. 

While the embodiments of the invention disclosed herein 
are presently considered to be preferred, various changes and 
modi?cations can be made Without departing from the spirit 
and scope of the invention. The scope of the invention is 
indicated in the appended claims, and all changes that come 
Within the meaning and range of equivalents are embraced 
herein. 
What is claimed is: 
1. A method for determining a resonant frequency of an 

optically coupled resonator, the method comprising: 
modulating an incident light; 
striking a photodiode laterally offset beyond a side of a 

resonator body With the modulated incident light; 
generating an electric ?eld betWeen the photodiode and the 

resonator body in response to the modulated incident 
light; 

driving the resonator With a driving component of the gen 
erated electric ?eld; 

sensing a re?ected light from the resonator; and 
determining the resonant frequency of the resonator based 

on the re?ected light. 
2. The method of claim 1, Wherein the driving component 

of the generated electric ?eld diminishes When the resonator 
is displaced. 

3. The method of claim 1, Wherein modulating the incident 
light comprises one of modulating a light source of the inci 
dent light or modulating light emitted from a light source of 
the incident light. 

4. The method of claim 1, Wherein modulating the incident 
light comprises modulating incident light over a narroW band, 
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and Wherein sensing the re?ected light comprises sensing 
re?ected light over a broad band, the broad band including the 
narroW band of the modulated incident light. 

5. The method of claim 1, Wherein modulating the incident 
light comprises modulating incident light over a narroW band, 
and Wherein sensing the re?ected light comprises sensing 
re?ected light over a broad band, the broad band excluding 
the narroW band of the modulated incident light. 

6. The method of claim 1, Wherein modulating the incident 
light comprises modulating incident light over a broad band, 
and Wherein sensing the re?ected light comprises sensing 
re?ected light over a narroW band, the narroW band included 
Within the broad band of the modulated incident light. 

7. The method of claim 1, Wherein modulating the incident 
light comprises modulating incident light over a broad band, 
and Wherein sensing the re?ected light comprises sensing 
re?ected light over a narroW band, the narroW band not 
included Within the broad band of the modulated incident 
light. 

8. The method of claim 1, Wherein modulating the incident 
light comprises modulating incident light over a ?rst narroW 
band, and Wherein sensing the re?ected light comprises sens 
ing re?ected light over a second narroW band, the second 
narroW band different from the ?rst narroW band. 

9. The method of claim 1, Wherein modulating the incident 
light comprises modulating incident light of a ?rst Wave 
length, and Wherein sensing the re?ected light comprises 
sensing re?ected light of a second Wavelength, the second 
Wavelength different from the ?rst Wavelength. 

10. The method of claim 1, Wherein modulating the inci 
dent light comprises modulating incident light of a ?rst Wave 
length, and Wherein sensing the re?ected light comprises 
sensing re?ected light of a second Wavelength, the second 
Wavelength substantially the same as the ?rst Wavelength. 

11. The method of claim 1, Wherein modulating the inci 
dent light comprises modulating incident light over a ?rst 
narroW band, and Wherein sensing the re?ected light com 
prises sensing re?ected light over a second narroW band, the 
second narroW band substantially the same as the ?rst narroW 
band. 

12. The method of claim 1, Wherein modulating the inci 
dent light comprises modulating incident light over a ?rst 
broad band, and Wherein sensing the re?ected light comprises 
sensing re?ected light over a second broad band, the second 
broad band substantially the same as the ?rst broad band. 

13. The method of claim 1, Wherein modulating the inci 
dent light comprises modulating incident light over a broad 
band excluding a stop band Within the broad band, and 
Wherein sensing the re?ected light comprises sensing 
re?ected light Within the stop band, and Wherein the re?ected 
light is unmodulated prior to re?ecting from the resonator. 

14. The method of claim 1, Wherein a measurement of the 
re?ected light at a ?rst modulation frequency is compared to 
a measurement of the re?ected light at a second modulation 
frequency to determine the resonant frequency of the resona 
tor, the ?rst modulation frequency at or near a resonant fre 
quency of the resonator and the second modulation frequency 
aWay from the resonant frequency of the resonator. 

15. The method of claim 1, Wherein the modulated incident 
light is scanned through a predetermined range of frequencies 
including at least one resonant frequency of the resonator, and 
Wherein the at least one resonant frequency of the resonator is 
determined by numerically ?tting the sensed re?ected light 
from the resonator. 
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16. The method of claim 1, wherein the incident light is 
modulated at or near a previously determined resonant fre 
quency of the resonator to track the resonant frequency of the 
resonator. 

17. The method of claim 1, Wherein a phase of the incident 
light is compared to a phase of the re?ected light to determine 
the resonant frequency of the resonator. 

18. The method of claim 1 further comprising: 
modulating the incident light to determine one or more 

resonant frequencies of one or more resonators 

mechanically coupled to the optically coupled resonator. 
19. The method of claim 1 further comprising: 
analyZing the determined resonant frequency to determine 

a value of an applied stimulus. 
20. A system for determining a resonant frequency of an 

optically coupled resonator, the system comprising: 
means for modulating an incident light; 
means for striking a photodiode laterally offset beyond a 

side of a resonator body With the modulated incident 
light; 

means for generating an electric ?eld betWeen the photo 
diode and the resonator body in response to the modu 
lated incident light; 
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means for driving the resonator With a driving component 

of the generated electric ?eld; 
means for sensing a re?ected light from the resonator; and 
means for determining the resonant frequency of the reso 

nator based on the re?ected light. 
21. The system of claim 20 further comprising: 
means for modulating the incident light to determine one or 
more resonant frequencies of one or more resonators 

mechanically coupled to the optically coupled resonator. 
22. The system of claim 20 further comprising: 
means for analyZing the determined resonant frequency to 

determine a value of an applied stimulus. 
23. A method of sensing an applied stimulus, the method 

comprising: 
driving an optically coupled resonator having a photodiode 

laterally offset beyond a side of a resonator body With an 
incident light; 

sensing one or more resonant frequencies of the resonator 
With a re?ected light from the resonator; and 

determining the applied stimulus based on the sensed reso 
nant frequency. 


